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Introduction
Takotsubo syndrome (TTS) has long been considered a benign disorder. 1 However, in recent years it has been uncovered that TTS can be associated with different complications including cardiogenic shock and life-threatening arrhythmias. 2, 3 Furthermore, sudden death due to cardiac arrest (CA) is an underestimated threat in TTS. Although 9% of TTS patients require resuscitation, 4 CA in TTS has not been comprehensively investigated. 5 Life-threatening arrhythmias, including bradyarrhythmias, ventricular fibrillation (VF), and sustained/non-sustained ventricular tachycardia (VT) occur in 3.4-12.2% of TTS patients. [6] [7] [8] However, these reports are based on small scale studies and do not directly explore CA in TTS. Indeed, TTS may be the cause or the consequence of CA. 9 The hyperadrenergic milieu (endogenous or iatrogenic) associated with CA may trigger TTS, and TTS features like corrected QT-interval (QTc) prolongation and diffuse myocardial oedema could lead to life-threatening arrhythmias. 10, 11 Moreover, the long-term implications of CA in TTS remain unclear. Although TTS is characterized by recovery of wall motion abnormality and left ventricular ejection fraction (LVEF), it is unclear whether successfully resuscitated TTS patients with CA subsequently experience adverse outcomes. We therefore aimed to investigate the incidence and impact of CA in TTS.
Methods

Study population
The International Takotsubo Registry (InterTAK Registry, www.takotsubo-registry.com) is a multicentre prospective and retrospective registry 13 In brief, TTS was diagnosed based on modified Mayo Clinic Diagnostic Criteria 4, 14 : (i) transient abnormal left ventricular wall motion beyond the perfusion territory of a single epicardial coronary artery; (ii) no obstructive coronary artery disease or acute plaque rupture on angiography; (iii) new electrocardiographic abnormalities or elevated cardiac troponins; and (iv) no myocarditis. Exceptions included i) patients with coexisting coronary artery disease that can not explain the wall motion abnormalities ii) patients with wall motion abnormalities restricted to a single coronary artery territory but matching all other criteria iii) patients who died during the acute phase before recovery of wall motion abnormality was documented. In patients with uncertain TTS diagnoses, the medical records were reviewed by all core-team members, and a decision was reached based on consensus.
The data of all TTS patients who underwent cardiopulmonary resuscitation (CPR) were reviewed, and those with confirmed CA and known underlying heart rhythm were included in the present analysis. Cardiac arrest was defined as the absence of a palpable pulse in an unconscious patient requiring CPR to restore or attempt to restore systemic circulation. 15 Ventricular fibrillation, pulseless VT, or organized electric activity other than VT [pulseless electrical activity (PEA) or asystole] on the electrocardiogram registered during the acute event were recorded. 16 Patients were divided into those presenting with CA (i.e. CA as the first manifestation) and those subsequently developing CA during the acute phase of TTS (i.e. no CA at presentation). A subgroup analysis was also conducted including out-of-hospital vs. in-hospital CA. Information regarding implantable/wearable cardioverter defibrillators and pacemakers was recorded.
Study outcomes
Data regarding in-hospital complications and management were collected. The main outcomes were 60-day and 5-year mortality. Independent predictors of mortality and CA during the acute phase were investigated. A 5-year landmark survival analysis was conducted for patients who survived the first 60 days after TTS.
Statistical analysis
Continuous variables are presented as means and standard deviations or medians and inter-quartile ranges (IQRs). Categorical variables are provided with percentages. Continuous variables were compared using the Mann-Whitney U-test, whereas categorical variables were compared using the Pearson v 2 test or Fisher exact test. Kaplan-Meier curves were established to provide survival estimates, and group differences were assessed using the log-rank test. A univariable Cox regression analysis was performed to identify predictors of 60-day mortality in patients with CA. Covariates with P < 0.05 were included in a multivariable Cox regression model to identify independent predictors of 60-day mortality; missing values were replaced by multiple regression imputation. Another univariable Cox regression analysis was performed to identify predictors of CA in the acute phase among patients without CA at presentation. A two-sided P-value <0.05 was considered statistically significant. Hazard ratios are reported with 95% confidence intervals. All analyses were performed with SPSS v23.0 (IBM Corp., Armonk, NY, USA), and graphs were compiled with Prism 7 (GraphPad, La Jolla, CA, USA). The study is registered on clinicaltrials.gov (NCT01947621).
Results
Clinical characteristics
During the study period, 2098 patients were included in the InterTAK Registry ( Figure 1 and Take home figure) . Of the 170 (8.1%) patients who received CPR, 46 patients without documented CA were excluded. Of the remaining 124 patients with documented CA (5.9% of overall cohort, 72.9% of patients requiring CPR), 103 had data on the heart rhythm during CA ( Figure 1) . Compared with patients without CA, those with CA were younger and more frequently male ( Table 1) . Cardiac arrest patients had higher heart rate, lower systolic blood pressure, longer QTc on admission, higher maximal creatine kinase, and lower LVEF. They more frequently had atrial fibrillation (AF: 21.1% vs. 6 .4%, P < 0.001) and apical TTS.
Cardiac arrest in relation to TTS onset
Eighty-four (81.6%) patients had CA at presentation and 19 (18.4%) developed CA in the acute phase, as shown in Figure 1 . Median onset time of CA was 1 day (IQR 0-3 days) after TTS. The incidence of CA in those without CA at presentation was 1.0% (19/1947) . Compared with patients with CA at presentation, those with CA in the acute phase had higher peak brain natriuretic peptide (BNP) values, ST-segment elevation ( Table 2 ) and PEA or asystole (73.7% vs. 42.9%; Figure 1 and Take home figure) more frequently. Atrial fibrillation, STsegment elevation, and high C-reactive protein on admission were associated with a higher risk of CA in the acute phase, whereas female sex was associated with a lower risk (see Supplementary material online, Figure S1 ).
Outcomes
Cardiac arrest was associated with higher rates of in-hospital mortality, cardiogenic shock, catecholamine administration, and mechanical ventilation ( Table 1) . Compared with patients without CA, those with CA had higher 60-day mortality (40.3% vs. 4 .0%, P < 0.001; Figure 2 ) and 5-year mortality (68.9% vs. 16 .7%, P < 0.001; Supplementary material online, Figure S2 ). A 5-year outcome analysis with a landmark set at 60 days after TTS index showed that patients surviving CA had higher mortality than patients without CA (44.4% vs. 13 .3%, P < 0.001; Figure 2 , and Take home figure). Among the CA patients who survived the first 60 days, nine deaths occurred within 5 years: two (22.2%) cardiovascular deaths, three (33.3%) noncardiovascular deaths, and four (44.4%) deaths from unknown causes. Among patients without CA, there were 10 (12.7%) cardiovascular deaths, 47 (59.5%) non-cardiovascular deaths, and 22 (27.8%) deaths from unknown causes.
In-hospital outcomes did not differ between patients with CA at presentation or in the acute phase ( Table 2) , though the latter showed a trend towards higher 60-day mortality (33.3% vs. 52.6%, P = 0.12). Of the 12 CA patients who required implantable/wearable devices (implantable cardioverter defibrillator, 9; pacemaker, 2; and wearable cardioverter defibrillator, 1), 2 died during the 5-year follow-up. Of the 58 CA patients discharged without a device, 10 died during the 5-year follow-up. Among the 67 patients who underwent CPR but had unconfirmed CA or unknown heart rhythm, 60-day mortality was 17.5%. Patients with out-of-hospital and in-hospital CA had similar 60-day mortality (44% vs. 37%, P = 0.29).
Predictors of outcomes
On univariable analysis, acute intracranial haemorrhage, T-wave inversion on admission, and white blood cell count >10 Â 10 3 cells/mL were associated with higher 60-day mortality in patients with CA than in patients without CA ( Figure 3A) . After adjusting for potential confounders, T-wave inversion on admission and acute intracranial haemorrhage were independently associated with higher 60-day mortality after CA ( Figure 3B ). Female sex was associated with lower mortality both on univariable and multivariable analysis. The results remained unchanged even after excluding patients with intracranial haemorrhage.
Discussion
This study found that (i) CA occurred in 5.9% of TTS patients; (ii) CA was associated with a six-fold increase in short-and long-term mortality; (iii) T-wave inversion on admission and acute intracranial haemorrhage were independently associated with 60-day mortality following CA; (iv) in-hospital outcomes did not differ between patients with CA at presentation and during the acute phase; and (v) AF, ST-segment elevation, and high C-reactive protein on admission were associated with a higher frequency of CA during the acute phase, whereas female sex was associated with a lower frequency (Take home figure) .
The finding that CA is relatively common in TTS is important, as TTS has historically been regarded as a benign condition. The American Heart Association acknowledges the proarrhythmic risk of TTS and includes TTS among the potential indications for wearable cardioverter defibrillators. In contrast, TTS is not mentioned in the current European Society of Cardiology guidelines for the management of ventricular arrhythmias. 17, 18 The CA incidence (5.9%) in this study is consistent with previous reports. 7, 8, 19 Only Pant et al. 20 reported a lower incidence rate, but their diagnoses were based on ICD-9 and not reviews of individual medical records. Compared with patients without CA, those with CA were younger, and less frequently female. Patients with CA have lower LVEF, longer QTc, higher cardiac biomarker values, and higher prevalence of apical TTS and AF. These findings suggest that more severe cardiac dysfunction accompanies CA, which is in agreement with the high prevalence of cardiogenic shock in these patients. These differences in patients' characteristics suggest that different pathophysiological mechanisms are involved in patients with and without CA. 21 Cardiac arrest was more common among TTS patients with physical triggers rather than emotional triggers, which is consistent with previous observations. 4 Cardiogenic shock, though a consequence of CA, 22 may also be a determinant of CA, as hypotension is an important mechanism of CA in TTS. 5 QTc prolongation in CA may be partly attributable to the drugs administered, particularly amiodarone. The higher 5-year mortality after CA was driven by not only a higher 60-day mortality but also a steady increase in mortality after the acute phase, as shown by the 5-year landmark analysis. This might suggest that other factors beyond the acute myocardial dysfunction are detrimental in these patients even after acute recovery. This is consistent with a previous report linking life-threatening arrhythmias during the index hospitalization with worse 1-year survival. 12 In contrast, another study found no differences in 1-year survival between patients with and without life-threatening arrhythmias who survived hospitalization. 8 The use of devices (e.g. pacemakers) did not yield a substantial survival benefit, although our study was not designed to assess these treatments. Stiermaier et al. have also not identified a prognostic advantage of implantable cardioverter defibrillators in TTS patients with life-threatening arrhythmias, although they indicated a potential advantage of pacemakers in patients with bradyarrhythmias in the acute phase. 7 Multivariable analysis of the predictors of mortality after CA showed that acute intracranial haemorrhage was independently associated with unfavourable outcomes, while female sex was associated with a more benign clinical course. Another study has reported a higher risk of CA in male TTS patients, but a clear-cut explanation for this finding is lacking. 20 T-wave inversion on admission was associated with increased mortality following CA. As T-wave inversion has been associated with myocardial oedema, 10,24 the early appearance of Twave inversion may imply earlier or more extended oedema in the acute phase. Myocardial oedema is also associated with QTc prolongation, which is associated with adverse events (e.g. ventricular arrhythmias, mortality) in not only TTS but also other conditions like coronary artery disease and dilated cardiomyopathy. 10, [25] [26] [27] [28] Polymorphic VT is a potential mechanism of CA in TTS patients with QTc prolongation. 5, 12, 26 Thus, myocardial oedema may be the pathophysiological mechanism underlying increased mortality after CA in the presence of T-wave inversion. 29 In patients with CA at TTS onset, TTS might be a consequence of the stress associated with CA and/or CPR. 30, 31 Left ventricular dysfunction can occur after CA; however, global hypokinesia is the more frequent alteration, and TTS-like patterns occur in few CA patients. 32, 33 Based on the current data, it is not possible to distinguish whether TTS is the cause or the consequence of CA, although the former explanation is more likely. 34, 35 Conditions other than TTS that could explain CA were not identifiable in the current analysis, but a systematic screening for rare causes, such as channelopathies, was not performed. 36 Hence, it is likely that a substantial proportion of these events was caused by TTS, as a causal relationship between TTS and life-threatening arrhythmias has already been established. Most of our patients had CA at presentation, which is consistent with previous reports. 5, 8 A potential explanation for the relationship between TTS and CA is that TTS onset is associated with massive increases in circulating catecholamine levels, which together with myocardial stunning and oedema, may lead to life-threatening arrhythmias. 37 Compared with patients with CA at presentation, those with CA during the acute phase were more likely to have PEA/asystole, higher BNP values, and ST-segment elevation on admission. This suggests that CA may develop in the acute phase due to severely compromised heart function, whereas a more purely arrhythmic substrate may lead to CA at presentation, which was often associated with VF/pulseless VT. Another study has reported a similar distribution of CA at presentation vs. during the acute phase (60 vs. 17 patients) and more frequent ventricular tachyarrhythmias rather than PEA/asystole in CA at presentation. 5 However, that study was a systematic review of case reports, and hence, relevant reporting and selection biases should be acknowledged. In our study, patients with CA during the acute phase showed a trend towards higher mortality compared with patients with CA at initial presentation. Out-of-hospital CA was not associated with higher mortality than in-hospital CA. These interesting results should be investigated in future studies, even though mortality is probably underestimated in patients with CA at initial presentation. This is because TTS can only be diagnosed in patients arriving alive and in condition to undergo imaging exams in the emergency department. Cardiac arrest patients who die before undergoing testing could never receive a diagnosis of TTS.
In the small subset of 19 patients who developed CA after initial presentation, we identified that AF on admission, ST-segment elevation, and high C-reactive protein were univariably associated with higher CA frequency, whereas female sex was associated with lower CA frequency. ST-segment elevation might be associated with electrical instability and may indicate the transmural extension of myocardial oedema. Thus, TTS patients with these features at admission merit intensive monitoring for about 48-72 h, given that the median time to CA was 1 day (IQR, 0-3 days).
Study limitations
The study involved a partly retrospective analysis from a multicentre registry. Therefore, potential confounding and selection biases must be considered when evaluating the results. Given the low number of absolute events, the multivariable model for predictors of 60-day mortality was based on few covariates that might have an impact on the outcome. Data on left ventricular outflow tract obstruction, 38 time to return of spontaneous circulation, and neurologic outcomes after CPR were unavailable.
Conclusions
Cardiac arrest is relatively common in TTS and is associated with worse outcomes. Cardiac arrest typically occurs at presentation, but may occur in the subsequent acute phase. Clinical and electrocardiographic parameters may independently predict mortality after CA Figure 3 Univariable (A) and multivariable (B) predictors of 60-day mortality in patients with cardiac arrest (CA) and known initial heart rhythm.
Acute intracranial haemorrhage and T-wave inversion are independently associated with an increased risk of 60-day mortality after CA, whereas female sex is associated with a decreased risk. Black: statistically significant predictors; grey: not significant. BNP, brain natriuretic peptide; CI, confidence interval; HR, hazard ratio; LVEF, left ventricular ejection fraction; TIA, transient ischaemic attack; ULN, upper limit of normal range; WBC, white blood cell count.
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and identify patients at a higher risk for developing CA in the acute phase.
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